Abstract-The increased accuracy into the fault's detection and location makes it easier for maintenance, this being the reason to develop new possibilities for a precise estimation of the fault location. In the field literature, many methods for fault location using voltages and currents measurements at one or both terminals of power grids' lines are presented. The double-end synchronized data algorithms are very precise, but the current transformers can limit the accuracy of these estimations. The paper presents an algorithm to estimate the location of the single-phased faults which uses only voltage measurements at both terminals of the transmission lines by eliminating the error due to current transformers and without introducing the restriction of perfect data synchronization. In such conditions, the algorithm can be used with the actual equipment of the most power grids, the installation of phasor measurement units with GPS system synchronized timer not being compulsory. Only the positive sequence of line parameters and sources are used, thus, eliminating the incertitude in zero sequence parameter estimation. The algorithm is tested using the results of EMTP-ATP simulations, after the validation of the ATP models on the basis of registered results in a real power grid.
I. INTRODUCTION
The complexity of power grids implies quite dynamic operative structures leading to more frequent and dynamic changes of the fault current levels. The rapid removal of transmission line faults is one of the best measures used to improve the power system stability, the simplest method for fast fault clearance being that of the protection operation time decrease. At the same time, in a competitive electricity market, the rapid fault restoration on transmission lines is faced with the quality of the utility power service, since after the occurrence of a fault, the utility tries to re-store power as quickly as possible. To aid rapid and efficient service restorations, accurate fault location estimation and a fault discrimination technique are needed.
Without neglecting the severe economical losses induced by a fault occurrence, the increased accuracy into the fault detection and location estimation make, also, an easier task for inspection, maintenance and repair. For the transmission lines, an error into the fault location of a few kilometres would represent a hard work for the maintenance teams.
Nowadays, the trend is to locate faults quickly, reliably and, if possible, without human intervention. This is made possible by the use of fault-generated signals, the fault producing a wide spectrum of signals that contains information on the fault distance. These signals are the power frequency component and the transients.
In the case of widely used power frequency based algorithms, the IEEE guide for determining fault location on AC transmission and distribution lines, named IEEE Standard C37.114™, considers one-ended measurement techniques as well as two-terminal data methods to estimate fault locations [1] .
The merit of the single-terminal data algorithms is that they need just one terminal measured data, so no data transmission channels between line terminals are necessary. At the same time, these algorithms carry some errors due to the variations of source power, fault inception angle, line asymmetry, the combined effect of the load current and fault resistance, loading flow unbalance, presence of shunt installations and uncertainty in the line zero-sequence impedance estimation [1] - [4] . As an example, in [1] there is shown that a 20% error into zero-sequence impedance calculation can give a 15 % error in the estimation of the fault location.
The actual technologies in the measurements and in datatransmission make the development of the wide area monitoring feasible and, thus, of advanced digital techniques for high-speed protection systems. In these conditions, many authors recommend the use of the information from both transmission line ends for an accurate fault location [2], [4]- [8] . The errors of two-terminal type algorithms are significantly smaller, especially in the case of single-phased faults, than the errors of single-terminal data algorithms. At the same time, the double-end algorithms minimize or even eliminate the effect of fault resistance, loading and charging currents, but their precision can be affected by the presence of the harmonics and the frequency deviation [1] .
The majority of double-end data fault location techniques use complex devices, as the phasor measurement units, and the processed quantities are synchronized. The IEEE Synchrophasor Standard, C37.118-2005, sets out criteria for measurement requirements, the majority of applications using as external time source the absolute time reference from a global positioning system receiver [4]- [7] , [11] .
The transients can be used in fault location for both repair and protection purposes, instead of the power frequency. This is possible because the fault transients develop much faster and are less dependent on network configuration than the power frequency component. Travelling wave based fault location algorithms need a high sampling frequency, special transducer and sophisticated electronic devices, but despite these difficulties, such locators have already successfully been applied in power systems [9] . Similar to the algorithms based on power frequency quantities, the travelling waves based algorithms can be divided into socalled single-ended, double or multi-ended, depending on the number of the measurement points. Irrespective of type, the high frequency transients affect the algorithms that derive from travelling waves principles less than those based on power frequency quantities [2], the estimation of the faults' location being improved [1] , [10] .
As a consequence of the short period of time between the fault inception and the digital relays' tripping decision, saturation of current transformers can be neglected, therefore, the majority of field studies do not consider such non-linearity [1] - [11] . On the other hand, some authors show that the distance relaying becomes unselective in the case of the current transformers' severe saturation [12] , and so, by extension, the location of the fault can be quite erroneous.
In such conditions, a double-terminal type fault location algorithm based only on power frequency voltages and using phase and positive sequence unsynchronized data can be useful as fault locator in the power grids, especially with the actual equipping of the transmission grids and with actual data transmission channels. Such a location technique can be seen as a precursory stage of the future wide area monitoring of the transmission grids.
II. FAULT LOCATION ALGORITHM
As a consequence of their relative simplicity, especially concerning the involved equipment, the majority of the actual fault location algorithms process the power frequency phasors of voltages and currents. In such conditions, the first step into fault location is that of power frequency phasor estimation, the results being processed into an adequate locating algorithm.
A. Phasor estimation
The digital estimation of fundamental frequency voltages and currents, during the fault existence, is fairly accurate only when signals are pure sinusoids, the transients affecting the accuracy of the fault location estimation.
In the case of the steady-sate regime or in the case when transducers and analogue low-pass anti-aliasing filters process the transient voltages, the industrial frequency signals are roughly sinusoidal. In such cases, a quite simple way to calculate the peak values of the voltages (V peak ) is that of using the algorithm of Mann and Morisson, of Gilcrest or even that of Smolinsky, which can be adapted to calculate the phasors, too. As an example, the peak value and the phase angle (φ) of voltages can be calculated as [2]:
where the k and k-1 are samples of voltage and current, τ being the time interval between the samples and ω the angular frequency of the sinusoidal waveforms. In steady-state regime, the output of the algorithm Mann and Morrison is very rapid and, practically, unaffected by oscillations. In the case of transient voltages, the magnitudes of the high frequency components are amplified and a numerical noise appears, as it can be seen in Figure 1 , curve 1, such an algorithm becoming inadequate for future fault location estimation. A possible solution to improve the output signal of such an algorithm is that of calculating the mean value of the output signal for a full-cycle corresponding to the period of the power frequency, in a recursive way. The result is similar to that drawn by the curve 2, in Figure 1 .
Another possible way to improve the power frequency phasor estimation is that of using algorithms based on integral calculus, as those proposed by McInnes and Morrison, Ranjbar and Cory, Horton, Sleman or Phadke and Ibrahim [13] . Anyway, the modern digital relays use Discrete Fourier Transform based algorithms to extract the power frequency voltages and currents, the estimation error being smaller than 2,5 % [14]. Even for discrete nonperiodic signals, the Discrete Fourier Transform (DFT) algorithm can be used instead of a Discrete Time Fourier Transform (DTFT) technique [14] that needs long strings of samples. Supposing that the processed signal is a voltage, in order to calculate the real and the imaginary part of the power frequency phasor, the following formulas can be used:
where the indices 50 refers to the first order harmonic and N is the number of samples within the 20 ms chosen window, representing a full-cycle at 50 Hz frequency. Using some numerical algorithms for data processing, the appropriate sampling frequency must be established. Several spectral analysis performed on the signals registered in a real 220-400 kV grid and on simulation results lead to the observation that the amplitudes of the components having frequencies higher than 450-500 Hz, are small enough to be neglected, as shown in the drawing given in Figure 2 . Thus, in order to satisfy the Nyquist criteria for 500 Hz and lower frequency components of the transient voltages, a 1000 Hz sampling frequency should be adequate. This corresponds to the sampling frequency of the modern digital relays.
The voltage-time curve and the diagram of spectral analysis given in Figure 2 correspond to a single-phased fault produced on a real 220 kV, 130 km transmission line.
B. Double-terminal data algorithm
Considering a simple looped grid with one line energized by two power sub-systems, the Thévenin equivalent model includes system impedances and an unknown fault resistance, as lumped elements, and the line having distributed parameters, as shown in Figure 3 . In Figure 3 , the indices S and, respectively, R refer to the line sending and receiving end and the indices f refers to the fault. The line is considered fully transposed and having the surge impedance Z and the propagation constant γ.
In the regime of the unsymmetrical fault, the symmetrical component transformation theory can be used to de-couple the three-phase circuit, in the case of the single-phased short-circuit the equivalent sequence circuit being as that in Figure 4 . In Figure 4 , V is the pre-fault voltage in the place of fault occurrence, Z f1 , Z f2 and Z f0 are the positive, negative and respectively zero sequence equivalent short-circuit impedances; positive, negative and zero sequence voltages and currents are those corresponding to the fault position along the line.
The sequence equivalent short-circuit impedances can be calculated from the equivalent scheme shown in Figure 5 , the fault's resistance, R f , being neglected at this stage. Using the notations given in Figure 5 , the following system of equations can be written on the left side of the circuit:
V fS representing the phase-to-ground voltage of the faulty phase at its sending end.
Solving the system (4), the left side short-circuit equivalent impedance results as follows:
Quite similar, the right side short-circuit equivalent impedance results as follows:
and the general formula calculating the sequence equivalent short-circuit impedances results as:
particularized for positive, negative and, respectively, zero sequence. Knowing all these impedances, in the positive sequence equivalent circuit given in Figure 4 , we obtain the positive sequence voltage at the fault occurrence place by using the following formula:
where the positive sequence current at fault location is:
At the same time, the positive sequence voltage can be calculated in other point along the line, too, using the same coefficient related to the voltages between this point and the point of the fault occurrence. If this point is, particularly, the sending end of the line, we obtain the positive sequence voltage in this point by using the formula:
Z f1 and I 1 being those previously calculated, V S representing the phase-to-ground voltage of the faulty phase al the line sending end in the pre-fault regime and K S1 being the positive sequence voltage coefficient related to the sending end.
Using the first and the third equations of the system (4), the formula calculating the positive sequence voltage coefficient related to the sending end is the following:
and similarly, the positive sequence voltage coefficient related to the line receiving end is:
the line propagation parameters and the internal impedances of the sub-systems being those of positive sequence. Using (9) and (10), the following system of equations can be written:
Eliminating the unknown pre-fault voltage of the fault occurrence point, the following formula is obtained:
In the left member of (14), the distances between the sending and the receiving end to the fault appear explicitly. In the right member they appear implicitly as long as the voltages are measured pre-fault phase-to-ground voltages and post-fault positive sequence voltages at line terminals.
Finally, the negative and also the zero sequence quantities do not appear in the calculation. The algorithm only operates with positive sequence quantities, thus, eliminating the error introduced by the uncertainty into zero sequence line propagation parameters measurement or estimation. At the same time, since the positive sequence quantities appear in all fault type, the algorithm can be developed for all types of transversal faults.
As long as, the short-circuit equivalent impedances do not appear in (14), the previous hypothesis of neglecting the fault resistance does not affect the precision of the estimation.
The quantities A = V R -V 1R and B = V S -V 1S are measured at line terminal and are known practically after the first fullcycle measured from the fault occurrence, if a DFT based algorithm is used to calculate the power frequency voltages. These voltages must be measured and the phasors must be calculated for all the three phases, at both line ends, in order to calculate the positive sequence voltages. After the first 1.5 -2 cycles from the fault occurrence, the output voltage of the DFT based algorithm is practically stable, so no perfect synchronization of the voltages is needed, after this period of time. The measurement units and phasor calculation units can use only an internal time source, an external time source with an absolute time reference received from global positioning system not being necessary.
Using ( 
where the quantities E and F are given by the formulas:
and, respectively, by:
l being the considered line length. The complex propagation constant of the line can be written in its algebraic formula, using the attenuation constant, α, and the phase constant, β. The argument of the tanh function in (16) is a sum of arguments. Consequently, using Euler formulas, (16) becomes a system of equation, as follows: where indices 1 refers to the positive sequence quantities.
The quantities M an N result from the calculation with the complex numbers implying the measured pre-fault and postfault voltages at both line terminals, the complex line propagation parameters and the internal impedances of the grid sub-systems, as shown in the example in Appendix A.
Starting to solve (19) by using a numerical technique, in the first step a very small distance Δl S is considered. In each of the following steps of the iterative calculation, the distance from the line sending end is increased with the very same amount, Δl S , until the left member of the equation becomes roughly equal with the right one. An example of such a solution is that given in Figure 6 , drawn for a 400 kV, 300 km line and having a fault at 80% of the line length which is measured from its sending end. 
III. RESULTS AND COMMENTS
The presented results are obtained using the previously described algorithm in the case of a two-machine 400 kV grid, having the one line diagram like the one given in o Ω. In Table 1 some simulation results are presented to emphasize the influence of the distance to the fault and the fault resistance on the locating error, the percentage error being calculated as:
l being the total line length. The results of the presented fault location algorithm are quite similar to those given by the double-end data algorithms that process the synchronized voltages and currents of power frequency. In the case of single-phased faults, the algorithm is incontestably more precise than that based on a single-end data algorithm. The error is not smaller than the error of the other double-end data algorithms because the published results are obtained neglecting the saturation and the measurement error of the current transformers [4], [5], or the current transformers used for protection systems usually have a maximum composite error of ± 5% [6] .
For the usual range of tower earthing resistances and of electrical arc resistance, the locating error rises when the fault resistance increases, but it remains in reasonable limit of 3 %, similar to other double-end data algorithms [6] .
In the same case of the previous described 400 kV grid, the dependence between locating error and fault position along the line is that drawn in Figure 7 . As it results from the drawn curve, the location error decreases at fully acceptable values for those single-phased faults located far from the line declared sending end than 30 -40 % of the line length. This disadvantage is not a real one as long as the transmission lines have voltage measurement and data acquisition systems installed at both line terminals, thus the more accurate value of the fault location is that given by the locating system installed at that terminal situated farther from the fault occurrence point. The fault inception angle does not affect the results of the location algorithm, especially as a consequence of the very small value of the DC decaying component in the transient voltages. Irrespective of the fault inception angle, the power frequency voltages phasors given by the DFT based algorithms are practically constant after the first 1.5-2 cycles.
The influence of the line propagation parameters on the locating error results from the data given in Table II , in the case of a single-phased fault located at 80 % of the line length from its sending end. The precision of the fault location estimation is decisively influenced by the calculation precision of the line propagation parameters. As it results from the data presented in Table II , the imprecision of the attenuation constant induces the greatest locating error and that of the surge impedance induces the smallest one. As a consequence of the major error induced by the line attenuation constant, it should be possible to neglect the line resistance, in the presented algorithm, especially in the case of the relatively short lines, having lengths smaller than 150-200 km.
Another error on fault location estimation can be given by the reduced measurement or calculation accuracy of the source internal impedances, as shown in Table III , from the same case of a single-phased fault located at 80 % of the line length, from its sending end. Fault location along the line (% of line length from S to R) Locating error (%) Table III , the imprecision into sources internal impedances measurement induces important errors into fault location estimation. The biggest error results in the case of inaccuracy of the internal impedance of the source situated closest to the fault. This argument recommends us to consider the result of the locator placed far from the fault location.
where the last introduced quantities are as follows:
IV. CONCLUSION In (A2) -(A11), the propagation parameters of the line, α, β and Z are only those of positive sequence, as well as the source internal resistance and reactance at the line sending end, R sS , X sS , and, respectively, of the source at the line receiving end, R sR , X sR .
The paper presents an algorithm to estimate the location of the single-phased faults using only voltage measurements at both terminals of the transmission lines. The algorithm processes only the power frequency phasors of the pre-fault regime and the positive sequence voltages in the post-fault one, without introducing the restriction of perfect data synchronization. This location method is free from the errors introduced by the current transformers, and creates the premises of an accurate location as long as the composite error of the current transformers is of ± 5% or of ± 10%.
The algorithm is tested using the results of EMTP-ATP simulations, after the validation of the ATP models on the basis of registered results in a real power grid. The results are quite precise, only in the conditions of an accurate measurement or calculation of line propagation parameters and of source internal impedances. where the quantities are: 
